Abstract: An online line switching methodology to relieve voltage violations is proposed. This novel online methodology is based on a three-stage strategy, including screening, ranking, and detailed analysis and assessment stages for high speed (online application) and accuracy. The proposed online methodology performs the tasks of rapidly identifying effective candidate lines, ranking the effective candidates, performing detailed analysis of the top ranked candidates, and supplying a set of solutions for the power system. The post-switching power systems, after executing the proposed line switching action, meet the operational and engineering constraints. The results provided by the exact Alternating Current (AC) power flow are used as a benchmark to compare the speed and accuracy of the proposed three-stage methodology. One feature of the methodology is that it can provide a set of high-quality switching solutions from which operators may choose a preferred solution. The effectiveness of the proposed online line switching methodology in providing single-line switching and multiple-line switching solutions to relieve voltage violations is evaluated on the IEEE 39-bus and 2746-bus power system. The CPU time of the proposed methodology compared with that under AC power flow constitutes a speed-up of 9905.32% on a 2746-bus power system, showing good potential for online application in a large-scale power system.
Introduction
It is widely known that the modern power grid is a large-scale and extremely complex interconnected network. Fulfilling the demand for electric power is essential from economic, protective, and societal standpoints [1, 2] . Unfortunately, it is not easy to keep the grid running at a stable point all the time: voltage variation problems seriously affect the stable operation of the system.
Line switching is a cost-effective measure to improve the operational stability of power systems. There are several instances where line switching is employed for corrective applications by the industry today. One of the line switching operations mentioned in the Pennsylvania-New Jersey-Maryland Interconnection (PJM) transmission operations manual is described below: Loadings on the Sunnyside-Warner-Torrey 138 kV for the loss of the S. Canton-Torrey 138 kV can be controlled by opening the S.E. Canton-Sunnyside 138 kV line at Sunnyside via supervisory control. Contingency
The effectiveness of the proposed online switching methodology is evaluated on the IEEE 39-bus and 2746-bus power systems.
Problem Formulations
We consider a comprehensive power system quasi-steady-state model of the following general form: 0 = f (x) (1) where x is the vector of state variables.
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S ij = (P 2 ij + Q 2 ij ) 1/2 ≤ S max ij i, j ∈ 1, 2, 3 · · · , n;
where Equation (2) is the minimum number of switched lines required for relieving voltage violations; N represents the new topology after the lines are switched out; S ij , P ij , and Q ij represent the apparent, active, and reactive power flows, respectively, of branch i-j; V min i and V max i are the minimum and maximum voltage magnitudes at bus i; and S max ij is the maximum apparent power flow of line i-j. The constraints given by Equations (4) and (5) limit the line flows and voltage violation. Num(·) indicates the number of line switching actions needed to change the network topology N base to the new network topology N , N base denotes the network topology of the base case power system, and m is the upper bound of the number of switching lines allowed.
In this paper, we use the proposed three-stage methodology to relieve voltage violations. Equation (2) is used to search the network topology such that the voltage violation is relieved with a minimum number of lines switched out within the boundaries of the constraints of the power flow equation (Equation (3)), operational and engineering constraints (Equations (4) and (5)), and the upper limit of the number of switched lines (Equation (6)).
Solution Methodology
The proposed methodology employs a three-stage strategy that contains screening, ranking, and detailed analysis and assessment stages. The solution methodology used in each stage is presented as follows: A sensitivity-based method was used to increase the speed of screening to achieve the goal of Stage 1. Stage 2 is based on the PQ decoupled method to achieve fast and accurate ranking goals, while Stage 3 utilizes AC power flow to assess the switching solutions for the post-switching power systems. The architecture of the proposed methodology is shown in Figure 1 . 
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Stage 1: Screening
The task of this stage is to identify candidate lines whose disconnection may relieve voltage violations. In the screening stage, we use a sensitivity method to rapidly estimate the voltage variations on bus i of the power system due to the switching-out action of each candidate [30] .
Assume that the network has n buses and b branches and that we can relieve a voltage violation of bus i by switching line k-m. Let the base case system impedance be expressed as 
The task of this stage is to identify candidate lines whose disconnection may relieve voltage violations. In the screening stage, we use a sensitivity method to rapidly estimate the voltage variations on bus i of the power system due to the switching-out action of each candidate [30] . Assume that the network has n buses and b branches and that we can relieve a voltage violation of bus i by switching line k-m. Let the base case system impedance be expressed as
where Z ij is the impedance between buses i and j.
The current system operating state and the power flow of the post-switching power system will be changed when the lines are switched out. Once the line k-m has been switched out, its impact on the voltage variation can be described as
where ∆V, ∆I denote the other branches' voltage and current variations, respectively, due to switching out k-m. After line k-m has been switched out, the system impedance matrix Z post can be expressed as
Then, the voltage variations with lines out of service can be obtained as follows:
Using the branch-adding method [31] , Z post ik and Z post im are described by the following equations:
where z km is the impedance of branch k-m and Z kk , Z mm , Z km , Z im , and Z ik are elements of Z. Then, Equation (10) can be rewritten as
where I km is the current from k to m in the base case power system. Consider that the reactance in the transmission line is much larger than the resistance; in this paper, we replace the impedance in the above formula with reactance. Then, the voltage variations ∆V i−km on bus i caused by switching line k-m can be obtained by the following:
where X ik , X im , X kk , X mm , and X km are the corresponding elements in the reactance matrix X, and x km represents the reactance of branch k-m. We define the impact factor β i−km as the voltage variations on bus i caused by switching line k-m. with unit current. Then we have
The screening stage uses the sensitivity equation (Equation (15)) to rapidly identify effective candidate lines. All of the candidates with β i−km > ε or β i−km < ε (where ε is a pre-defined value) are captured and sent to Stage 2 for further ranking.
Stage 2: Ranking
In this stage, the effective candidate lines selected in Stage 1 are ranked. The PQ decoupling method is used to compute the voltage of the violation bus with each effective candidate switched out, and the effectiveness of each candidate is ranked based on the calculated voltage variations of the post-switching power system. PQ decoupling is a variation of the Newton-Raphson method that exploits the approximate decoupling of active and reactive flows in well-behaved power networks and additionally fixes the value of the Jacobian matrix during the iteration in order to avoid costly matrix decompositions [32] ; it is also referred to as fixed-slope, decoupled Newton-Raphson. Within the algorithm, the Jacobian matrix gets inverted only once and is simplified to form two separate matrices of P and Q. This simplification splits the Jacobian matrix into two small matrices, which means that the PQ decoupling method can return the answer within seconds, whereas the Newton-Raphson method takes much longer.
Figures 2 and 3 show the transmission line π-equivalent model and reactive power flow model [33] :
where Q km and Q mk denote the reactive power flow from bus k to bus m and bus m to bus k, respectively; B km and G km are the imaginary and real parts, respectively, of the reactance for branch k-m; B cap is the admittance to ground of branch k-m; and θ k and θ m are the voltage phase angles of bus k and bus m, respectively.
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where buses µ is the set of buses connected to bus k excluding bus m and buses ϑ is the set of buses connected to bus m excluding bus k; Q k,µ and Q m,ϑ are the reactive power flows in lines connecting bus k and bus m to buses µ and buses ϑ, respectively; Q S km represents the reactive power flow of the transmission part; and Q k,loss , Q m,loss are the reactive power flows of the loss part.
As shown in Figure 5 , with line k-m out of service, we have
where Q k,µ and Q m,ϑ are the reactive power flows in lines connecting bus k and bus m to buses µ and buses ϑ, respectively, after line k-m is taken out of service. Assume that bus k and bus m still connect, as shown in Figure 6 , then the simulated line part of reactive power flow from bus k to bus m (Q S km ) and the simulated loss part of reactive power flow in bus k and bus m (Q k,loss ) can be described as
where ∆Q k1 , ∆Q m1 are the injected reactive powers with values equal to Q S km and Q S mk and ∆Q k2 , ∆Q m2 are the injected reactive powers with values equal to Q k,loss and Q m,loss , respectively.
Then
Then, the voltage variations of bus i can be rewritten as
In the equation above,
where X ik , X im , X kk , X km , X mk , and X mm are the corresponding elements in the reactance matrix X and X is the inverse matrix of the coefficient matrix of the PQ decoupling method [31] .
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where ′ , ′ , ′ , ′ , ′ , and ′ are the corresponding elements in the reactance matrix ′ and ′ is the inverse matrix of the coefficient matrix of the PQ decoupling method [31] . 
where ′ , ′ , ′ , ′ , ′ , and ′ are the corresponding elements in the reactance matrix ′ and ′ is the inverse matrix of the coefficient matrix of the PQ decoupling method [31] . We calculate the alleviation contribution ∆ of each candidate line out of service on the violated bus using Equation (28) and rank them in order.
Stage 3: Detailed Analysis and Assessment
To perform a detailed analysis of the several top candidates ranked at the ranking stage, the AC power flow is employed to compute the exact post-switching bus voltage. Based on the exact calculation of the AC power flow, the optimal network topology of the post-switching power system and the needed action of line switching are assessed.
We define the performance index NAM as follows:
where _ and _ are the maximum and minimum voltage magnitudes of bus i, and is the actual voltage magnitude of bus i with line k-m switched out. By using Equation (31), the line switching solutions list is assessed.
The Overall Solution Methodology
A step-by-step description of the proposed three-stage methodology for online applications is summarized in the following steps and shown in Figure 7 .
Step 1: Input the online data, including the generation schedule, load demands, state estimation, network topology, and candidate lines for online line switching action.
Step 2: Run the AC power flow according to the given operating state. If voltage violations exist, go to Step 3; otherwise, stop and output the base case assessment results.
Step 3: If all candidate line combinations have been checked, stop and output ''no solution found''; otherwise, go to Step 4. We calculate the alleviation contribution ∆V i of each candidate line out of service on the violated bus using Equation (28) and rank them in order.
Stage 3: Detailed Analysis and Assessment
where V i_max and V i_min are the maximum and minimum voltage magnitudes of bus i, and V N i is the actual voltage magnitude of bus i with line k-m switched out. By using Equation (31), the line switching solutions list is assessed.
The Overall Solution Methodology
Step 1: Input the online data, including the generation schedule, load demands, state estimation, network topology, and candidate lines for online line switching action. Step 2: Run the AC power flow according to the given operating state. If voltage violations exist, go to Step 3; otherwise, stop and output the base case assessment results.
Step 3: If all candidate line combinations have been checked, stop and output "no solution found"; otherwise, go to Step 4.
Step 4: Apply the sensitivity formula (Equation (15)) to each candidate line.
Step 5: If effective candidate lines are found, then send them to Step 6 for ranking. Otherwise, go to Step 3.
Step 6: Apply Equation (28) to calculate the alleviation contribution ∆V i of each line from Step 5 and rank them in order. Send the top candidate lines to Step 7 for detailed analysis.
Step 7: Apply AC power flow to compute the post-switching bus voltage corresponding to each top-ranked line switching and assess the line switching solutions for the power system.
Step 8: Rank the line switching solutions in order using NAM.
Step 9: Output the ordered effective line switching solutions and analysis; if no effective line is found, go to Step 3. 
Numerical Schemes
The proposed online line switching methodology was applied to the IEEE 39-bus and 2746-bus power systems to validate its effectiveness and accuracy. The proposed methodology was implemented in MATPOWER 6.0 on a ThinkPad PC with Intel Core 2.50 GHz i5-7200U CPU and 8 GB of memory. The results provided by the exact AC power flow were used as a benchmark to compare the speed and 
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Single-Line Switching
The IEEE 39-bus system has 46 branches and 10 generators, and the active power of total loads is 6254.2 MW. The maximum and minimum voltage magnitudes of bus 26 are 1.0494 p.u. and 0.94 p.u., respectively; those of the other buses are 0.94~1.060 p.u. The power flow was run at current operating conditions and a voltage violation was found on bus 26.
By applying the proposed methodology, several solutions were assessed to relieve the voltage violation of bus 26. The screening, ranking, and detailed analysis results are shown in Table 1 , and the CPU time for this example is displayed in Table 2 . The voltages of bus 26 for the pre-switching and post-switching power systems are shown in Figure 8 . We made the following observations from the results:
• To evaluate the speed and accuracy of the proposed methodology, all 45 candidate lines were switched out individually and then lines 28-29, 26-29, 26-28, 21-22 , and 2-3 were selected to relieve the voltage violation by using AC power flow. With the five lines switched out individually, the voltages on bus 26 were 1.0326 p.u., 1.0366 p.u., 1.0404 p.u., 1.0414 p.u., and 1.0416 p.u., respectively. This is consistent with the solutions assessed by the proposed methodology. It is noteworthy that the scheme given in this example is locally optimal when evaluated using full AC power flow.
The total CPU time of the proposed methodology in this study was 0.1054 s, whereas full AC power flow takes 0.9766 s. Compared with AC power flow, the CPU time speed-up given by the method in this study is 826.57%, as shown in Table 2 .
We then compared the speed and accuracy of the proposed methodology with Shao's method in [28] . Lines 28-29, 26-29, and 26-28 are given to relieve the violation on bus 26 by using the method in [28] , and the CPU time is 0.3816 s. From the results we can see that compared with the method in [28] , the proposed methodology can provide more effective solutions and the speed is faster.
As can be seen from Figure 8 , the line switching solutions obtained using the proposed methodology relieved the voltage violation on bus 26 in this study. The above results illustrate the effectiveness of the proposed methodology in relieving voltage violations by switching out single lines compared with AC power flow. This study also shows the accuracy and fast speed of the proposed methodology compared with Shao's method in [28] .
It is worth noting that considering the existence of errors in stage 1 and 2, the solutions provided in this paper may omit some solutions, but the proposed method can still provide a set of high-quality schemes to relieve voltage violations. All high-quality solutions are given in this study.
Multiple-Line Switching
The IEEE 39-bus system has 46 branches; the maximum and minimum voltage magnitudes of bus 26 are 1.0494 p.u. and 0.94 p.u., respectively, and those of the other buses are 0.94~1.060 p.u. The power flow was run at current operating conditions and a voltage violation was found on bus 26: 26 = 1.0526 . . A single line switched off cannot effectively relieve this voltage violation, so we increased the number of switching lines by 1 and utilized the proposed methodology to provide a set of multiple-line switching solutions. In this study, we set the number of switching lines at 2. The obtained solutions are summarized in Table 3 and the CPU times are displayed in Table 4 . The voltages of bus 26 for the pre-switching and post-switching systems are shown in Figure 9 .
We made the following observations from the results: Twenty-one candidates were identified from 45 candidate lines at Stage 1 and sent to Stage 2 for ranking. The top seven single lines were identified: lines 26-29, 26-28, 26-27, 2-3, 28-29, 16-21 , and 21-22, as in Section 5.1. We combined the top seven single switching lines in pairs and calculated the ∆ of each candidate solution. Then, the seven most highly ranked multiple-line candidates were The above results illustrate the effectiveness of the proposed methodology in relieving voltage violations by switching out single lines compared with AC power flow. This study also shows the accuracy and fast speed of the proposed methodology compared with Shao's method in [28] .
The IEEE 39-bus system has 46 branches; the maximum and minimum voltage magnitudes of bus 26 are 1.0494 p.u. and 0.94 p.u., respectively, and those of the other buses are 0.94~1.060 p.u. The power flow was run at current operating conditions and a voltage violation was found on bus 26: V 26 = 1.0526 p.u. A single line switched off cannot effectively relieve this voltage violation, so we increased the number of switching lines by 1 and utilized the proposed methodology to provide a set of multiple-line switching solutions. In this study, we set the number of switching lines at 2. The obtained solutions are summarized in Table 3 and the CPU times are displayed in Table 4 . The voltages of bus 26 for the pre-switching and post-switching systems are shown in Figure 9 . The CPU time of the proposed methodology in this case was 0.1372 s, while the exhaustive search based on AC power flow took 7.3152 s. The speed-up was 5231.78%. Figure 9 shows the effectiveness of the proposed methodology for relieving the voltage violation of bus 26.
Similarly, lines 2-3 and 28-29, lines 26-28 and 2-3, lines 26-29 and 2-3, and lines 2-3 and 21-22 are provided by using the method in [28] , and the CPU time is 0.8293s. Compared with the method in [28] , the proposed method shows more advantages in accuracy and speed.
This study shows that the proposed methodology can provide several high-quality multiple-line switching solutions to relieve voltage violations. The CPU time test verifies the fast speed of the three-stage methodology. 
The 2746-Bus System
The proposed online methodology for line switching was evaluated on a 2746-bus power system containing 3514 transmission lines; the voltage limit on bus 249 was 0.94~1.06 p.u. and the actual voltage magnitude of the base case power system on bus 249 was 1.0829 p.u., meaning the existence of a voltage violation on bus 249.
The line switching solutions obtained after applying the proposed methodology are summarized in Table 5 . The voltages of bus 249 for the pre-switching and post-switching systems are shown in Figure 10 . The output from each stage is summarized as follows:
• Simulation studies on the 2746-bus system showed that the proposed methodology is able to effectively solve the problems of voltage violations, and that the computation time is also satisfactory for online application in large-scale systems.
Conclusions
This paper proposed a novel online methodology of line switching for relieving voltage violations. The proposed methodology employs a three-stage strategy that contains screening, ranking, and detailed analysis and assessment stages. The proposed methodology balances speed and accuracy for online applications by combining linear and nonlinear methods to relieve voltage violations.
One distinguishing feature of the proposed methodology is that it can provide a set of highquality solutions from which operators may select a preferred solution. Numerical schemes and methods were developed and implemented for each stage of the proposed methodology. It was evaluated on the IEEE 39-bus and 2746-bus power systems with promising results. The results provided by exact AC power flow were used as a benchmark to compare the speed and accuracy of the proposed three-stage methodology.
The results showed that the proposed methodology can provide single-line switching as well as multiple-line switching to relieve voltage violations. Compared with the method in [28] , the proposed method shows more advantages in accuracy and speed. In addition, compared with AC power flow, the three-stage methodology requires less CPU time, especially in a large-scale system. A numerical study was conducted on the 2746-bus power system and revealed the fast speed (a speed-up of 9905.32% over AC power flow) and effectiveness of the proposed methodology when applied to large-scale systems, showing good potential for online applications. 
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